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INFLUENCE OF OXIDIZING AND REDUCING PRE-TREATMENTS ON THE INTERNAL FRICTION OF ELECTRON IRRADIATED COPPER
Abstract.-The influence of oxidizing and reducing anneals on the internal friction in the Hz-range has been investigated for coldworked and electron irradiated copper. The effects are compared and discussed with respect to the atomistic mechanisms.
1. Introduction.-In electron-irradiated copper relaxation effects have been observed in the Hz-range which are similar to those after cold-work /l-3/. For the case of cold-work it' has been shown, that the internal friction of copper depends strongly upon the atmosphere used for the preceeding recrystallization anneal /4/. Therefore it is the purpose of the present investigation to study the influence of oxidizing and reducing anneals on the internal friction of electron-irradiated copper and to compare it with that after cold-work.
2. Experimental Procedure.-At about 2 Hz and an amplitude of 2x10-~ decrement and modulus were measured as function of temperature with an inverted torsion pendulum during linear heating. The samples of 99,999%
ASARCO-copper had a diameter of 0.5 mm and a length of 10 mm and were annealed for 2 hours at 1173K: The oxidized sample 0 in 0.13 Pa air, the reduced sample R in 1 x 1 0~ Pa CO. Before irradiation the samples were deformed in situ at 100K by 7% and the deformation-induced effects annealed by heating up to 400K (first run D). Thus the deformation behaviour for the comparison with that after irradiation could be obtained at the same sample and, moreover, the higher dislocation density after this pretreatment gives larger irradiation-induced effects of internal friction /2/. The second heating after deformation (run DR) gave the pre-irradiation state of the sample. Then the sampls e r e irradiated in situ with 3 MeV-electrons at a temperature of 130K. The applied dose of 9x10 electrans/crn2 corresponds to a def cct concentration of cirr=l XI oW5. The first heating after irradiation (run I) gave the irradiation effects and the secondkun IR) the recovered state after irradiation. Through all these runs the cryostat of the pendulum was never touched to avoid handling effects in the internal friction curves. Only after run I of sample 0 a repair at the cryostat influenced the following run IF. (see Fig.1 ).
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1981534 3. gperimental Results.-In Fig.1 the lower curves give the decrement results (left scale) for the oxidized sample 0. The broken curve D after 7% tensile deformation at 100K shows the Hasiguti peaks P2 at 176K and P3 at 216K. They are completely recovered in the second run (dotted curve) DR and, simultaneously, the background damping is decreased. After irradiation with 9x10'~ e/cm2 the full curve I has a broad peak at 160K whose dose-dependence indicates that it is the superposition of a larger peak PI at 150K and a smaller peak P2 / 4 / . This peak is much smaller thanP2 after cold-work, b u t Pj in curve I has about the same size as in curve D. There is also a general increase of background damping over the whole temperature range. The dashed-dotted curve IR shows the complete recovery of the irradiation-induced decrement, but crosses the curve DR due to a handling effect after run I. The full curve after irradiation gives a smaller contribution of P, to the superimposed peak PI-P2 and a large Px at 259K. Above about 320K the full curve coincides fairly well with the pre-irradiation curve DR. In the dashed-dotted curve IR the irradiation-induced decrement is recovered and the background damping further decreased, curve I R lies under curve DR and only at the highest temperatures the curve IR approaches curve DR. In Fig.? (in contrast to Fig.2 ) the curve IR at high temperatures lies somewhat below curve I which is due to handling at the cryostat after run I. The main feature of these curves is the modulus decrease after irradiation corresponding to the difference between the dotted preirradiation and the full after-irradiation curve, which amounts to (AG/GIir,= -3.8% for sample 0 (Fig. l) and -3.1% for sample R (Fig.2) . These effects are extremely large, just in opposite direction as the expected pinning and are not eliminated by the subsequent annealing (curve IR). Thus, in order to check whether they are accidental effects, e.g. due to handling, the modulus has been also measured as function of irradiation time. Fig.3 gives an example and one recognizes a continuous decrease.
In order to better recognize the relaxation and pinning effects in the modulus curves, these curves are differentiated and in fig.4 the negative temperature coefficient of the shear modulus g(T) = -1/G. dG/dT is plotted. In these Curves the modulus defects of the damping peaks show up as maxima, the pinning stages as minima superimposed to the normal temperature dependence g (T), given by the coinciding curves for 0 the runs DR and IR. For sample 0 (upper part of Fig.4) 4. Discussion.-For low temperature irradiations of copper up to doses of about 1x1 017 e/cm2 in the Hz-range dislocation pinning, e.g. an increase of modulus has been reported (-0.1% for 1 017 e/cm2 ) /3/. Also by the present authors an increase of this magnitude has been observed (not shown here), if the modulus is measured after completion of the irradiation / 5 / . This cannot be seen during irradiation in Fig.3 , since due to secondary effects (e.g. formation of temperature gradients) the accuracy of measurements during irradiation is strongly reduced). However, the present dose of 9x10'~ e/cm2 decreases the modulus by the tremendous amount of about 3.5% in qualitative agreement with a very early observation / 2 / . This means, that here a second process predominates the pinning process.
Concerning the nature of this process, it can easily be seen that for the present defect concentration cirr = 1x10-~ the bulk effect is too small by a factor of 43 to explain the modulus decrease/6/. Therefore it has to be a dislocation effect. Since the modulus defect caused by dislocation of the density A and mean loop length L is given by AG/G-A L~, this effect must consist in an increase of PI and/or L during irradiation. Since in the range of the irradiation temperature (-130K) only interstitials can migrate, an increase of L can be obtained only by annihilation of vacancy pinning points or by climb processes due to interstitial~. A sufficient increase of A cannot be caused by formation or growing of dislocation loops, because the defect concentration is too small. By climbing a dislocation rearrangement might be achieved which leads to less interactions and thus larger amplitudes of the dislocations, i.e. to a larger "effective" dislocation density. Which of these processes is finally responsible for this spectacular effect cannot be decided yet.
The pinning stages IIA and IIB found after cold-work are interpreted by multiple interstitials / 7 / . The homogeneous defect production during irradiation and the small interstantaneous defect concentration mal ke the formation of such agglomerates improbable. In agreement with this these two stages do not appear after irradiation. In the reduced sample R a pinning stage IIIB and a pronounced damping peak Px are found after cold-work as well as irradiation. If this stage IIIB is ascribed to the free migration of vacancies /8/ one can conclude that also Px is caused by vacancy migration. In the oxidized sample 0 the stage IIIC is observed in both cases. Here one can assume the release of vacancies from traps formed by solved oxygen or impurity-oxids. The additional pinning found in the irradiated sample 0 at the temperature position of 111; however, is not caused by the same mechanism as in sample R. This follows from the fact that the peak Px always present if there is a stage IIIB /4/ is missing in sample 0. Because this stage 111; in sample 0 is not observed after cold-work, it should be caused by defects produced only during irradiation, e.g. by single interstitials released here from traps (single interstitials are not formed after cold-work as can be seen by the fact that there stage I is missing / 7 / . The damping peaks after irradiation show for both samples a peak P, in the first heating run. Since after deformation this peak can only be seen after annealing in the temperature range of stage IIIC where vacancies migrate, it is assumed that pinning by vacancies is responsible for P,, Since for producing relaxation the vacancies must be near to the dislocation below the peak temperature, i.e. at temperatures as low as 140K, it must be concluded that after irradiation P I is caused by vacancies produced directly at the dislocations.
The fact that P2 is especially high after deformation indicates that it is caused by multiple defects, i.e. multiple interstitials. This is in agreement with literature where pinning stage IIA, in which the defects responsible for P2 reach the dislocations, is attributed to multiple interstitials / 7 / . Since also after irradiation a small peak P2 is observed, but the instantaneous defect concentration is too small for the formation of multiple interstitials in the lattice, it must be concluded, that multiple interstitials after irradiation can be formed at the dislocations. However, the peak P2 after irradiation is much smaller than that after cold-work and appears only as an increase of the high temperature side of PI.
After irradiation the peaks P, and P2 are smaller in sample R than in sample 0. It is assumed that this is due to a shorter loop length in sample R. This sample in contrast to sample 0 has a very large pinning s t a g e IIIB a f t e r deformation s o t h a t t h i s sample i s e x p e c t e d t o s u f f e r a s t r o n g r e d u c t i o n of l o o p l e n g t h d u r i n g t h e h e a t i n g a f t e r d e f o r m a t i o n , i . e . b e f o r e i r r a d i a t i o n .
Summarizing t h e r e s u l t s of t h i s work it can be s t a t e t , t h a t t h e
Hasiguti-peaks P I , P*, P3 and t h e peak Px can be found a l s o a f t e r e l e ct r o n i r r a d i a t i o n and t h a t t h e i r h e i g h t depends on t h e o x i d i z e d o r reduced s t a t e of t h e samples a s a f t e r cold-work. I n c o n t r a s t t o cold-work, P can be s e e n a f t e r i r r a d i a t i o n a l r e a d y i n t h e f i r s t h e a t i n g r u n , be-1 c a u s s t h e v a c a n c i e s n e c e s s a r y f o r PI a r e produced d i r e c t l y a t t h e d i sl o c a t i o n s . Also t h e p i n n i n g behaviour a f t e r i r r a d i a t i o n depends on t h e s t a t e of t h e samples. So i n t h e o x i d i z e d sample an a d d i t i o n a l s t a g e 111; i s found t h a t i s a s c r i b e d t o be r e l e a s e of i n t e r s t i t i a l s from t r a p s connected w i t h t h e o x i d i z e d s t a t e . The s u r p r i s i n g modulus dec r e a s e a t t h i s high d o s e i s i n t e r p r e t e d by a k i n d of i r r a d i a t i o n -i nduced low t e m p e r a t u r e recovery due t o t h e m i g r a t i n g i n t e r s t i t i a l s by which an i n c r e a s e of l o o p l e n g t h o r " e f f e c t i v e " d i s l o c a t i o n d e n s i t y i s 
